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ABSTRACT

Endogenous stem cells in the bonemarrow respond to environmental cues and contribute to tissue
maintenance and repair. In type 2 diabetes, a multifaceted metabolic disease characterized by
insulin resistance and hyperglycemia, major complications are seen in multiple organ systems. To
evaluate the effects of this disease on the endogenous stem cell population, we used a type 2
diabetic mouse model (db/db), which recapitulates these diabetic phenotypes. Bone marrow-de-
rived mesenchymal stem cells (MSCs) from db/dbmice were characterized in vitro using flow cyto-
metric cell population analysis, differentiation, gene expression, and proliferation assays. Diabetic
MSCs were evaluated for their therapeutic potential in vivo using an excisional splint wound model
in both nondiabetic wild-type and diabetic mice. Diabetic animals possessed fewer MSCs, which
were proliferation and survival impaired in vitro. Examination of the recruitment response of stem
and progenitor cells after wounding revealed that significantly fewer endogenous MSCs homed to
the site of injury in diabetic subjects. Although direct engraftment of healthy MSCs accelerated
wound closure in both healthy and diabetic subjects, diabetic MSC engraftment produced limited
improvement in the diabetic subjects and could not produce the same therapeutic outcomes as in
their nondiabetic counterparts in vivo.Our data reveal stemcell impairment as amajor complication
of type 2 diabetes in mice and suggest that the disease may stably alter endogenous MSCs. These
results have implications for the efficiency of autologous therapies in diabetic patients and identify
endogenous MSCs as a potential therapeutic target. STEM CELLS TRANSLATIONAL MEDICINE
2012;1:125–135

INTRODUCTION

Diabetes is a global epidemic with devastating
comorbidities and complications, such as cardio-
vascular disease, neuropathy, infections, and im-
paired wound healing [1]. More than 90% of the
diabetic human population suffers from type 2
diabetes. Although it is difficult to recapitulate
the complex and multifactorial nature of type 2
diabetes, animal models provide a standardized
measure that is not readily available in humans.
Because of the full development of relevant com-
plications, the most commonly implemented
type 2 diabetic animal model is the BKS.Cg-
Dock7m�/�Leprdb/J mouse (db/db). These ani-
mals exhibit hyperglycemia, obesity, insulin re-
sistance, �-cell depletion, and all the diabetes-
associated comorbidities, including impaired
wound healing [2].

Mesenchymal stem cells (MSCs), a subpop-
ulation of stromal cells throughout the body,
contribute to tissue repair and have been used
as a therapeutic tool [3, 4]. Currently, numer-
ous clinical trials are exploring autologousMSC
therapies in chronic conditions such as heart
disease, diabetes, and liver cirrhosis [5]. MSCs
are attractive agents for exogenous therapeu-

tic delivery for chronic diseases because of
their capacity for self-renewal, multipotential-
ity, and immune system modulation [6, 7].
Therapeutic MSC engraftment stimulates heal-
ing through the recruitment of host cells to the
area of injury through cytokines and other
paracrine factors [7, 8]. However, the patho-
physiology of diseases such as type 2 diabetes
may present challenges for the derivation or
the therapeutic utility of autologous MSC ther-
apies. Impaired mobilization and a reduction
of the number of endothelial progenitor cells
(EPCs) in type 2 diabetic patients prevent vas-
culogenesis and impair healing [9–11]. Cells
critical to wound healing, such as fibroblasts,
keratinocytes, endothelial cells, and macro-
phages, become functionally impaired when
exposed to a diabetic-high glucose environ-
ment in vitro [12–15]. Although autologous
therapies are deemed the safest approach to
cellular therapy, the evaluation of diabetic
cells is essential to developing efficient clinical
therapies.

As the regenerative capacity of stem cells
from a diabetic background has not been deter-
mined, we evaluated the bone marrow-derived
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MSC population in type 2 diabetic mice and assessed both their
number and their functional capacity in culture and in a regen-
erative model of wound repair. The severe healing deficits in the
db/db animals permit study of the regenerative capacity of bone
marrow-derived MSCs engrafted in cutaneous wounds. Surpris-
ingly, we found that diabetic MSCs were not equivalent to
healthy MSCs. We identified three fundamental deficiencies in
db/db animals: (a) there are fewer MSCs available with or with-
out wounding, (b) diabeticMSCs (dbMSCs) available are prolifer-
ation and survival impaired, and (c) dbMSCs have significantly
reduced regenerative capacity. In addition, signaling profiles in a
db/db wound differed from those in a healthy wound. The com-
bination of our in vitro and in vivo data suggests that diabetic
subjects not only are impaired in their glucose metabolism but
also exhibit severe deficits in theirMSC populations.We propose
that the pathophysiology of a chronic disease, such as type 2
diabetes, can cause severe MSC impairment, with subsequent
complications throughout the body.

MATERIALS AND METHODS

Animals
Eight-week-old BKS.Cg-Dock7m�/�Leprdb/J (db/db) male mice
selected from a spontaneous diabetes mutation in the leptin
receptor gene (Leprdb) and age-matched wild-type C57BLKS
(WT)malemice were obtained from the Jackson Laboratory (Bar
Harbor, ME, http://www.jax.org). Animals were equilibrated to
the animal facility prior to any surgical procedures in cages of five
and were housed individually postwounding. The weight and
plasma glucose levels were recorded weekly on the non-
wounded animals from nicked tail vein blood at 9:00 a.m. using
an Accu-Chek glucose meter (Roche Group, Indianapolis, IN,
http://www.roche-diagnostics.us). The weight and plasma glu-
cose levels of the designated wounded animals were recorded
immediately postwounding and at closure. All animal experi-
ments and procedures have been reviewed and approved by the
Rosalind Franklin University of Medicine and Science Institu-
tional Animal Care and Use Committee.

Isolation and Expansion of Mouse MSCs
We optimized culture conditions to ensure the greatest yield of
mouse mesenchymal stem cells (mMSCs) as described previ-
ously [16]. mMSCs were extracted from the bone marrow of the
tibiae and femurs of 8-week-old WT and db/db male mice by
flushing the aspirates with an 18-gauge needle filled with Com-
plete ExpansionMedia (CEM contains�-MEM, L-glutamine, Pen-
Strep, Invitrogen, Carlsbad, CA, http://www.invitrogen.com;
20% serum, Atlanta Biologicals, Lawrenceville, GA, http://www.
atlantabio.com). Aspirateswere plated in CEMon 175-cm2 flasks
and kept at 37°C in 5% CO2. Nonadherent cells were washed off,
and adherent cells were expanded at a low plating density of 50
cells per cm2 flask for subsequent passages in 175-cm2 flasks.
Viable cells were confirmed with 0.4% trypan blue assay. CEM
was changed every 48 hours. MSCs were passaged at 80% con-
fluence by dissociation with trypsin and EDTA. The total number
of cells at each passage was recorded. Dissociated cells were
then replated in new flasks at the same density (50 cells per cm2)
at each subsequent passage, and remaining cells were frozen in
CEM and 10% dimethyl sulfoxide (Sigma-Aldrich, St. Louis,
http://www.sigmaaldrich.com) for later use. Flask numbers var-

ied after each passage, and a set number of cells were frozen
using a seed lot system after each passage to ensure early pas-
sage material for future experiments. Vials designated as seed
material were maintained separately from the working stocks to
ensure that they remained unused. Measuring the dose/re-
sponse to MSC engraftment, we determined that 100,000 cells
was theminimal number of cells necessary to stimulate a healing
response in both animals. Cells at�80% confluence at passage 4
were prepared for grafting to wound beds by dissociation, wash-
ing, and resuspension of 1 � 106 cells in 60 �l of phosphate-
buffered saline (PBS) for wound engraftment. We determined
that at this passage, a homogeneous population of dbMSCs was
present and had the greatest viability and proliferative capacity.
Differentiation and colony-forming unit assays were performed
on all MSC populations used in this study in accordance with the
guidelines proposed by the International Society for Cellular
Therapy-MSC Committee [11].

Flow Cytometric Analysis
Cultured MSCs and wound bed tissue were dissociated into a
single-cell suspension with trituration and collagenase digestion
buffer (Worthington Biochemical, Lakewood, NJ, http://www.
worthington-biochem.com). Minced tissue was placed in 0.25%
trypsin/EDTA overnight at 37°C and filtered through a 70-�m
nylon cell strainer (BD Biosciences, San Diego, CA, http://www.
bdbiosciences.com). To detect endogenous MSCs, dissociated
cells were incubated with antibodies for positive MSC markers
CD29 (�-1 integrin; Abcam, Cambridge,MA, http://www.abcam.
com), CD44 (Indian blood group; Abcam), CD90 (cell surface gly-
coprotein marker Thy1; Invitrogen), and CD166 (ALCAM; Bioleg-
end, San Diego, CA, http://www.biolegend.com). Other non-
MSC populations and endothelial progenitor cells were
identified using hematopoietic lineage markers CD45 (LCA; Ab-
cam), CD34 (hematopoietic progenitor cell antigen; Invitrogen),
CD31 (PECAM1; R&D Systems Inc., Minneapolis, http://www.
rndsystems.com), and CD14 (lipopolysaccharide receptor;
R&D Systems). All conjugated pairs were incubated at room
temperature for 45 minutes. Samples of 10,000 events were
analyzed using the LSR II Flow Cytometer with the FACSDiva
software (BD Biosciences, San Diego, http://www.bdbio
sciences.com).

Proliferation Studies
To quantify the number of proliferating cells and surviving cells
between the two animal groups, 100,000MSCs from both db/db
andWTmicewere labeledwith 5-bromo-2�-deoxyuridine (BrdU)
(Sigma-Aldrich) and Sytox Green (Invitrogen) to evaluate prolif-
eration and survival. MSCs from both db/db and WT mice were
plated in each well of a six-well plate for 2 days or until adherent
in CEM. Medium was then replaced with 10 �M BrdU-supple-
mented CEM for 2 hours. The control well was designated as
CEM only. BrdU-supplemented mediumwas rinsed off, and cells
underwent a PBS wash. Cells were then fixed with Carnoy’s
fixative (Invitrogen) and labeled with anti-BrdU monoclonal
antibody (Accurate Chemical, Westbury, NY, http://www.
accuratechemical.com) for labeling. Sytox Green was used as a
counterstain to identify and quantify the total number of cells in
each well.
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Excisional Splint Wound Model
To examine the therapeutic capacity of dbMSCs on wound re-
pair, 8-week-old db/db and age-matched wild-type male mice
each received an excisional splint wound. This wound model
closely mimics the physiologic process of wound healing in hu-
man subjects by preventing contraction and allowing the forma-
tion of granulation tissue [2, 17]. For surgical procedures, mice
were anesthetized with ketamine/xylazine (200 and 10 mg/kg,
respectively), and then dorsal skin was shaved, depilated, and
sterilized with ethanol. A full-thickness wound using an 8-mm
Miltex (Plainsboro,NJ, http://miltex.com) dermal punchwas cre-
ated on the midback of all animals. A donut-shaped silicone
splint (Grace Bio-labs, Bend, OR, http://www.gracebio.com) was
centered over the wound and adhered with simple interrupted
sutures and adhesive glue. Wounds received four intradermal
injections of 100,000 mMSCs in PBS or 60 �l of PBS using a Ham-
ilton syringe. Wounds were covered with Tegaderm dressing
(3M, St. Paul, MN, http://www.3m.com), and animals were
housed individually.Wound beds started at 50.24mm2 andwere
monitored daily and documented by macroscopic examination
using an Olympus SZX12 stereomicroscope (Olympus, Tokyo,
http://www.olympus-global.com) equipped with a digital cam-
era. The surgical dressingwas removed and reapplied before and
after each measurement. Digital images were acquired at fixed
zoomsettings and calibrated against a stagemicrometer.Wound
closure was quantified using the Cavalieri point probe estimator
(StereoInvestigator software; MBF Bioscience, Williston, VT,
http://www.mbfbioscience.com) to accurately account for irreg-
ular and discontinuous profiles of healing tissue within the
wound bed.

Immunohistochemistry
mMSCs were fixed in 4% paraformaldehyde for 24 hours. The
tissue was then processed through blocking steps using 0.25%
Triton-X, primary antibody incubation at 1:500 using stromal-
derived factor-1 (SDF-1) (Millipore, Billerica, MA, http://www.
millipore.com) or 1:1,000 CD44 (Invitrogen) for 12 hours at 4°C,
rinse/blocking steps, followed by incubation with Cy3 or Cy2
fluorophore-conjugated secondary antibodies. All secondary an-
tibodies used in the laboratory were raised in donkey (Jackson
Immunoresearch Laboratories, West Grove, PA, http://www.
jacksonimmuno.com). Sections were coverslipped in PVA-
DABCO. Wounds and MSCs were imaged on an Olympus IX70
fluorescence microscope.

Reverse Transcription-Polymerase Chain Reaction
For Total RNA isolation and reverse-transcription, total RNA from
tissue biopsies was extracted using the RNeasy Fibrous Tissue Kit
(Qiagen, Hilden, Germany, http://www1.qiagen.com). Sample
lysis and homogenization were achieved with sterile hard tissue
omni probes (Omni International), followed by a proteinase-K
digestion. The samplewas treatedwith ethanol and applied to an
RNeasy spin column. Purified total RNA was eluted in 60 �l of
RNase-free water. RNA was run again through another RNeasy
spin column as directed in the Qiagen RNA cleanup protocol to
meet the RNA quality required for successful array runs. Purified
RNA was placed in a speed vacuum to increase RNA concentra-
tion.

Known starting amounts of the isolated total RNAwere used
for reverse transcription (RT) reactions using the Improm-II Re-

verse Transcription System (Promega, Madison, WI, http://
www.promega.com) containing templates for first-strand cDNA
synthesis of total RNA using oligo(dT)15 primers. Quantification
of target genes was performed from known amounts of gener-
ated cDNA using a Bio-Rad iCycler Real-Time PCR System (Bio-
Rad, Hercules, CA, http://www.bio-rad.com). We used Bio-Rad
SYBR Green supermix containing nucleotides, MgCl2, Taq poly-
merase, fluorescein, and SYBR Green. The cDNA was added to
the supermix solution, forward and reverse primers, and RNase-
free water to a volume of 25 �l per well in a 96-well plate. A 1:5
standard curve was run with all experimental samples, and all
samples were run in triplicate. The standard cDNAwas produced
in-house from mouse MSCs generated from cell culture. A melt
curve to check for SYBR Green specificity was also included. Neg-
ative controls included a sample collection negative control, a
no-RT negative control, and a no-template control. Two factors,
vascular endothelial growth factor (VEGF) and Wnt3a, were se-
lected for analysis. VEGF can promotemobilization of bonemar-
row-derived cells, increase cellular permeability, promote angio-
genesis, and decrease apoptosis [18, 19]. Dysfunction of VEGF in
diabetic wounds contributes to poor wound healing and remod-
eling [6]. Wnt3a is vital to MSC function and promotes prolifera-
tion, differentiation, and migration [20]. Mouse-specific primers
were designed in-house using Beacon Designer software (Pre-
mier Biosoft, Palo Alto, CA, http://www.premierbiosoft.com)
and synthesized by Operon (Huntsville, AL, http://www.operon.
com). VEGF forward (5�-GGCTTACCCTTCCTCATCTTCCC-3�) and
Wnt3a forward (5�-TTCCTGAGCGAGCCTGGGCT-3�) were used
for our studies. Results were analyzed in comparison with a
GAPDH housekeeping gene validated to have the lowest inter-
sample variance.

Statistical Analysis
Between-group data comparisons were analyzed using analysis
of variance followed by a Bonferroni post hoc test using the sta-
tistical software Prism (GraphPad Software, Inc., San Diego,
http://www.graphpad.com). In cases where pairwise compari-
sons were designed, a Student’s t test was used to ascertain
significance. Significance was accepted at p � 0.05. Variance
estimates encountered in generating the preliminary data re-
vealed that most forms of analysis required a minimum sample
size of six subjects per group. To ensure adequate inclusion in
this study, experiments were designed with no fewer than 10
subjects per group.

RESULTS

db/dbMice Exhibit Type 2 Diabetic Phenotypes and
Associated Comorbidities
The db/dbmouse (Jackson Laboratory) exhibits obesity (Fig. 1A,
1B), hyperglycemia (Fig. 1C), insulin resistance, and other pheno-
types that are physiologically relevant to type 2 diabetes [21].
These animals were obese (42 � 1 g) and experienced elevated
blood sugar levels (281�18mg/dl) by 8weeks (Fig. 1B, 1C).Mice
with the same background strain thatwere heterozygous or neg-
ative for thismutationweremetabolically normal andwere used
as a nondiabetic healthy control (WT). The db/db mice were
polyphagic, polydipsic, and polyuric. These animals also exhib-
ited retinopathy, cardiovascular disease, pancreatic�-cell deple-
tion, neuropathy, nephropathy, obesity, and impaired wound
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healing (Jackson Laboratory). We evaluated the animals through
week 13 and found that db/db mice maintained elevated blood

sugar levels (451 � 32 mg/dl), high body weight (48 � 3 g), and
low activity in comparison with their nondiabetic counterparts
throughout this entire time period.

db/dbMice Have Fewer MSCs than Their Nondiabetic
Counterparts
To evaluate the impact of the pathophysiology of type 2 diabetes
on MSC number and function, we isolated total bone marrow
from db/db and WT mice and plated these cells in a normal glu-
cose environment in vitro. Bone marrow aspirates were evalu-
ated preplating and after each passage in vitro. At earlier pas-
sages, bone marrow from db/db animals was more
heterogeneous and contained fewer MSCs as a percentage of
total cells (40%) than that of the WT animals (69%; Fig. 2A). Ad-
herent bonemarrow cells were characterized, and by passage 3,
only a homogenous population of both dbMSCs (95.8%; Fig. 2A)
and wild-type MSCs (wtMSCs) (98.3%; Fig. 2A) remained.

dbMSCs Exhibit a Lag in Expanding Populations of
Viable Cells
We documented the time required to reach appropriate conflu-
ence for passaging and the number of viable cells after each
passage. At passage 1, freshly derived dbMSCs needed double
the amount of time (3 weeks) to reach confluence compared
with wtMSCs (Fig. 2B). The expansion of dbMSCs subsequently
improved so that by passage 4, dbMSCs reached confluence in 2
weeks compared with 1.5 weeks for wtMSCs. Despite this lag,
dbMSCs retained multipotency throughout multiple passages
(supplemental information Fig. 1). Although initial viability of the
dbMSCs were poor, over multiple passages in culture the num-
ber of viable cells approached the level seen in the wtMSCs (Fig.
2B).

dbMSC Proliferation Improves In Vitro over Time, but
Cell Survival Is Still Impaired
To evaluate the viability and proliferative capacity of dbMSCs in
culture, cell population kinetics were assessed directly. As a sep-
arate assay, equivalent numbers of dbMSCs and wtMSCs were
plated to evaluate the total number of surviving cells and the
total number of proliferating cells after initial culturing (passage
2) and after multiple passages in culture (passage 8; Fig. 2C, 2D).
Initially, the number of proliferating (BrdU labeled) dbMSCs
(176 � 60) was significantly lower (��, p � .001) than the num-
ber of wtMSCs (412 � 51) at passage 2 (Fig. 2C). By passage 8,
however, this difference disappeared, and the number of prolif-
erating dbMSCs (1,119�88) increased sixfold, reaching the level
ofwtMSC proliferation (1,307� 24), which increased only three-
fold over the same period (Fig. 2C). In contrast, dbMSCs were
significantly impaired in cell survival over the entire period in
culture compared with wtMSCs, despite their improved ratio of
proliferating cells to surviving population (from 10% to 16% at
passage 8; Fig. 2D). This impairment in proliferation and survival
explains the lag seen in the dbMSC population expansion at ear-
lier time points. The subpopulation of proliferating dbMSCs
emerging at later time points increased the number of viable
cells and reduced the time between passages. Although this en-
richment in culture compensated for poorer survival, it still could
not close the inherent physiologic gap between dbMSCs and
wtMSCs.

Figure 1. Phenotypic characterization of diabetic and nondiabetic
mice. (A): Age-matched 8-week-old nondiabetic (left; wild-type
C57BLKS) and db/db (right; BKS.Cg-Dock7m�/� Leprdb/J) mice are
shown. The db/dbmice exhibited hyperglycemia and obesity. Evalu-
ation of the phenotype was completed using weight recordings (B)
and plasma glucose levels (C) (both taken weekly at the same time),
from wild-type and db/db mice using the tail vein blood. Data are
expressed as the mean � SEM (n � 5 per group; ��, p � .001).
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dbMSCs Show Altered Gene Expression Even After
Selection
MSCs play a role in tissue repair through signal transduction.
We compared naïve wound beds at 5 days postwounding us-
ing a customized polymerase chain reaction (PCR) array de-
signed for MSC, inflammatory, and wound healing related
markers. We found expression deficits in proliferative (epi-
dermal growth factor), angiogenic (TBX1, TBX5), and differen-
tiation (Fzd9) signaling factors and increased expression of
inflammatory (interleukin [IL]-6, tumor necrosis factor-�,
CXCL2) and apoptotic (IL-1B) factors in the db/dbwound (sup-

plemental information Fig. 2; supplemental information Table
1). These alterations in signaling were also consistent with
delays in wound closure. We then evaluated the levels of ex-
pression of proangiogenic factor VEGF and proliferative factor
Wnt3a in dbMSCs in cultures.

RNA extracted from cultured WT and dbMSCs at passage
4 was used for RT-PCR analysis. After enrichment in culture,
dbMSCs showed levels of VEGF expression similar to those of
their wild-type counterparts (Fig. 3). However, dbMSCs showed
significantly decreased levels (�, p� .05) ofWnt3a expression at
the same time point (Fig. 3).

Figure 2. Population analysis of endogenous MSCs in vitro. (A):MSCs were evaluated using flow cytometric analysis of the total number of
diabetic (db)MSCs andwild-type (wt)MSCs with positiveMSCmarkers CD29, CD44, CD90, and CD166 from passage 0 to passage 8. Each data
point represents the pooled mean of the percentage of positively labeled MSCs markers. All positively labeled MSCs were negative for
hematopoietic lineage-restricted markers CD14, CD34, and CD45. All mouse MSCs were derived in-house from db/db (n � 10) and WT (n �
10) mice. (B): The total number of cells and the time to reach a level of confluence appropriate for passaging (80% confluence) after each
passage were recorded. A trypan blue exclusion assay was implemented to quantify viable cells. Each data point represents the total number
of cells (solid lines, open symbols) and the number of weeks between passages (dashed lines, filled symbols). At early passages, dbMSCs had
a lower proportion of viable cells and required longer to reach confluence. However, with time in standard culture conditions, the perfor-
mance of the remaining dbMSCs largelymatched that of wtMSCs. Assessment ofMSC proliferation and survival revealed decreased efficiency
of dbMSCs. (C): Proliferation and survival were assessed at passages 2 and 8 with BrdU. Proliferation of dbMSCs was significantly impaired at
passage 2 compared with wtMSCs. However, by passage 8, dbMSCs increased to levels of WT proliferation (�, p � .05; ��, p � .001). (D):
Cultures at passages 2 and 8 were incubated with the nucleic acid marker Sytox Green, and the total number of cells in the same well was
quantified. At both passage 2 and passage 8, dbMSCs had significantly fewer surviving cells despite an improvement in cell survival over time.
Each column represents the total number of counted cells (error bars indicate �SEM); n � 6 wells per group (��, p � .001). Abbreviations:
BrdU, 5-bromo-2�-deoxyuridine; MSC, mesenchymal stem cell; WT, wild-type.
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dbMSCs Have Impaired Homing Capacity During Injury

EndogenousMSCs contribute to healthy cutaneous wound heal-
ing through mobilization and targeting to the site of injury [22–
24]. We implemented a full-thickness excisional splint wound to
permit assessment of both host mobilization of endogenous
MSCs and regenerative capacity of exogenous MSCs. We first
evaluated the host response to injury by creating a dorsal wound
in the backs of db/db and WT animals without cellular engraft-
ment (PBS-only; Fig. 4A). Circulating MSCs in the peripheral
blood are difficult to quantify [25], so we biopsied and dissoci-
ated the entire wound beds to detect endogenous MSCs and to
evaluate specific targeting. After 1, 5, and 10 days, we evaluated
the number of endogenous stem cell populations that homed to
the site of injury (Fig. 4B–4D). At all time points, we found that
there were significantly fewer (Fig. 4B–4D, ��, p � .001)
positively labeled endogenous MSCs (CD29, CD90, CD166) re-
cruited to the db/dbwound compared with theWTwound. Cells
positively labeled with CD29, CD44, CD90, and CD166 were neg-
ative for CD14, CD34, and CD45. At days 1 and 5, there were also
significantly fewer (p � .05) endothelial progenitor cells (CD31,
CD34) in the db/db wound (Fig. 4B–4D).

Biopsied db/db and WT MSCs were then fixed and labeled
with SDF-1, a chemokine required for homing of progenitor
cells to ischemic and injured tissues [26]. There was a marked
reduction in the level of expression of SDF-1 in the dbMSCs in
vitro at passage 4 compared with the WT (Fig. 5A–5G). De-
creases in other homing factors, such as matrix metalloprotei-
nase-2, were also noted in the PCR array (supplemental informa-
tion Table 1).

dbMSCs Have Impaired Therapeutic Capacity Compared
with Their Wild-Type Counterparts
Without any therapeutic intervention, naïve wounds (PBS-only)
in the db/db mouse exhibited a significant delay in wound clo-
sure compared with a nondiabetic mouse (Fig. 6A–6H). At day
14, only 40% � 3.1% (p � .05) of the control db/db wound area
was closed compared with the 73% � 3.2% closure area seen in

control WT wounds (Fig. 6I). We then evaluated the therapeutic
capacity of MSCs from diabetic and nondiabetic subjects by
grafting dbMSCs and wtMSCs in the excisional splint wound (Fig.
6J–6Q, 6S–6Z). We found that wtMSC engraftment accelerated
wound closure both in db/db and WT mice. The closure area in
both hosts was significantly increased (p� .05) by day 5, and this
acceleration was sustained at all subsequent time points (Table
1; Fig. 6R, 6AA). The rate of closure in the wtMSC grafted db/db
mouse reached 66% � 5% at day 14, nearly reaching the rate of
physiologic closure seen in the naïve WT animal, despite the
diabetic physiology of graft recipients (Fig. 6R). Closure area was
also accelerated in the wtMSC-engrafted WT animals to 82% �
4.4% at the same time point (Fig. 6R, n � 20 each for control
db/db and WT, and n � 10 each for wtMSC-engrafted db/db
and WT).

In culture, we were able to select for a subpopulation of
proliferating dbMSCs, which increased the number of viable cells
and reduced the time between passages. We evaluated these
higher performing dbMSCs for their regenerative capacity in di-
abetic subjects; these allogeneic grafts represented the poten-
tial performance of autologous engraftment therapies in human
diabetic patients. The db/db wounds receiving dbMSCs signifi-
cantly improved healing (p � .05) by day 7, which was sustained
until day 14 (Table 1). By day 14, db/db wounds engrafted with
dbMSCs reached 53% � 4% closure (Fig. 6AA). However, al-
though dbMSCs significantly improved closure (p� .05) in db/db
animals (with the exception of days 9–10; Table 1), they did not
produce any difference in wound closure relative to naïve
wounds (PBS-only) when delivered to the WT animals. WT ani-
mals receiving dbMSCs experienced no significant improvement
and the normalmetabolic environment did not rescue the capac-
ity of the dbMSCs (Table 1). After day 5, dbMSCs produced sig-
nificantly less closure than the wtMSCs independently of
whether the subject was a diabetic or nondiabetic animal (Table
1; Fig. 6R, 6AA; n� 20 each for control db/db andWT, and n� 10
each for dbMSC-engrafted db/db andWT). Despite engraftment
of this selected high-performing population, dbMSCs could not

Figure 3. Reverse transcription-polymerase chain reaction analysis of endogenous MSCs in vitro. WT and dbMSCs were analyzed at passage
4 for gene expression of VEGF (white) and Wnt3a (black). Although there was no difference between VEGF levels, there was a significant
difference in the amount of Wnt3a between the two groups (error bars indicate �SEM; �, p � .05). Abbreviations: MSC, mesenchymal stem
cell; VEGF, vascular endothelial growth factor; WT, wild-type.
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Figure 4. Quantification of endogenous stem cell populations after wounding. (A): An excisional wound model using a donut-shaped splint
kept the wounds open, and phosphate-buffered saline (vehicle-only) or cells were delivered to db/db or WT mice. We recorded the baseline
levels of healing with no therapeutic interference. (B–D): Population analysis of diabetic and WT MSCs from dissociated wound beds from
db/db andWTmicewith no graftedMSCs using flow cytometric analysis using theMSCmarkers CD29 andCD90 and the endothelial progenitor
marker CD34, at 1 (B), 5 (C), and 10 (D) days postwounding (n � 5 per time point; �, p � .05; ��, p � .001). (E, F): Reverse transcription-
polymerase chain reaction analysis was performed on naïve wound bed biopsies, and the levels of VEGF (E) andWnt3a (F)were quantified at
days 1, 5, and10 fromWTanddb/dbwoundbeds. Therewas a significant decrease in the level ofWnt3a expression in thedb/dbwoundat days
1, 5, and 10, and by day 10 there was a significant decrease in the level of VEGF expression in the db/db wound (�, p � .05). Abbreviations:
VEGF, vascular endothelial growth factor; WT, wild-type.
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stimulate wound closure to the level produced by grafted
wtMSCs. Furthermore, placement of dbMSCs in a normal meta-
bolic environment (nonhyperglycemic and nonobese) did not re-
store this regenerative capacity and could not improve closure in
a healthy animal.

MSC Engraftment Did Not Improve Metabolic
Outcomes, Such as Hyperglycemia and Obesity, in
db/dbMice
Systemic MSC engraftment has been reported to assist in �-cell
regeneration and consequential improvements in hyperglyce-
mia [27]. To determine the effects of local MSC engraftment to
the whole animal, weight and plasma glucose levels were re-
corded. At day 0, under all treatment conditions, db/db animals
had a glucose level of 307� 16mg/dl. Themeanweight of these
8-week-old animals was 40 � 2 g. Irrespective of treatment, all
WT animals were able to achieve full closure by day 16. Un-
treated db/dbmice took more than 30 days to heal, the wtMSC
treatment group took 18 � 2 days, and dbMSC-treated animals
took 21 � 3 days. At the time of closure, db/db mice engrafted
with wtMSCs had a plasma glucose level of 403 � 11 mg/dl,
animals engrafted with dbMSCs were at 443 � 33 mg/dl, and
PBS-only animals were at 421 � 15 mg/dl. The average weight
for all db/db animals was 47 � 4 g. We found no significant
correlation between the direct engraftment of db or wtMSCs,
wound healing, and these metabolic parameters in our study.
Consistent with previous studies, the rate of wound healing was
not correlated to the levels of hyperglycemia in the animal [28].

DISCUSSION

There is considerable interest in developing therapeutic use of
autologous stem cells for a wide range of diseases. Whereas
endogenous tissue stem cell populations, including bone mar-
row-derived cells, may provide additional regenerative capacity
and are good candidates for cell-mediated therapies, they have
not been evaluated within a disease state such as type 2 diabe-

tes.We report here that prolongeddisease statesmay impair the
regenerative capacity of such endogenous tissue stem cells. In
mice experiencing severe complications of type 2 diabetes, we
found that bone marrow-derived mesenchymal stem cells were
fewer in number than healthy controls, showed altered prolifer-
ation, showed reduced viability, had an altered transcriptional
profile, and were severely impaired in their regenerative capac-
ity relative to MSCs from healthy mice. Importantly, our data
suggest that the pathophysiology associated with type 2 diabe-
tes produces cell-autonomous impairment, as these MSCs re-
mained impaired when placed in healthy environments.

Type 2 diabetes is associated with complications in multiple
organ systems throughout the body and underlies severe vascu-
lar damage, which can increase tissue damage and limit repair
capacity [29, 30]. Long ago, Cohnheim hypothesized that cells
arising from the bloodstream are responsible for all tissue repair
in mammals [31]. Although there is now an appreciation that
many tissues contain endogenous stem/progenitor cells, this hy-
pothesis has been affirmed by evidence that precursor cells from
the bone marrow replenish the reparative stem-like cells in tis-
sues throughout the body [3, 32]. Wounding in diabetic patients
stimulates an increase in the number of circulating hematopoi-
etic stem cells (HSCs) (Lin�c-Kit�Sca-1�) and peripheral EPCs
(CD34�) from the bone marrow to the periphery and lymphoid
tissue compared with matched nonwounded controls [11]. This
mobilization of cells is required for healing, but type 2 diabetic
patients have significantly fewer EPCs, resulting in severe vascu-
lar dysfunction and impaired healing [6, 9]. Endogenous MSCs
also respond to environmental cues and play a major role in
tissue repair throughout the body [3]. For example, MSCs pro-
vide the supportivemicroenvironment necessary for hematopoi-
esis andmaintain the sinusoidal network [33].MSCs express HSC
maintenance genes (Angpt1�, Vcam1�, Cxcl12�, c-Kit1�) re-
sponsible for HSC progenitor cells homing, and the depletion of
MSCs results in a major reduction of the number of HSCs within
the bone marrow [34].

Figure 5. SDF-1 expression inWT and diabetic (db)MSCs in vitro.WT (A–C) and dbMSCs (D–F) at passage 4were also stained for positiveMSC
marker CD44 (Cy2, green) and SDF-1 (Cy3, red). A greater percentage of wtMSCs were SDF-1 positive compared with the dbMSCs in culture.
Abbreviations: SDF-1, stromal-derived factor-1; WT, wild-type.
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Figure 6. Wound healing was impaired in diabetic animals, and dbMSCs had reduced therapeutic capacity. The progress of wound
closure of dorsal, full-thickness excisional wounds held open by sutured (black threads) silicone splints (orange) following delivery of
vehicle (PBS) to DB or nondiabetic (WT) subjects was recorded. Control WT mice (A–D) and db/db mice (E–H) received PBS (vehicle
only). (I): db/db mice receiving only PBS exhibited significantly delayed wound closure compared with WT mice. WT (J–M) and db/db
(S–V)mice received 1 � 106 wtMSCs derived fromWT mice or WT (N–Q) and db/db (W–Z)mice received 1 � 106 dbMSCs derived from
db/dbmice. (R): In theWT host, dbMSC engraftment did not improveWT closure compared with PBS, but wtMSC engraftment indicated
improved closure in the WT mouse. (AA): In the db/db host, wtMSCs improved closure in db/dbmouse, but dbMSC engraftment alone
improved closure in db/dbmice but not inWTmice. The extent of reepithelialization and granular tissue formation wasmonitored daily;
representative images are shown at initial treatment (day 0) and at 5, 10, and 15 days postengraftment (n � 10–13 per condition). Each
data point represents the mean of the percentage of the area closed (I, R, AA). Closure was calculated from stereological analysis of
micrographs using the Cavalieri point probe estimator (error bars indicate �SEM; n � 10–13 per group; �, p � .05; ��, p � .001).
Abbreviations: DB, diabetic; dbMSC, diabetic mesenchymal stem cell; PBS, phosphate-buffered saline; WT, wild-type; wtMSC, wild-type
mesenchymal stem cell.
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In normal wound healing, bone marrow cells and stem cells
in the local skin and blood vessels are recruited to the area of
injury [24, 35]. These stem cells or pericytes from the vasculature
are believed to be mesenchymal stem cells and contribute to
wound healing [3, 35]. Type 2 diabetes produces cellular impair-
ment in many organ systems, which may result from nongenetic
factors related to the disease, such as obesity, elevated cortico-
sterone, increased inflammation, and insulin resistance. Gluco-
corticoid dysfunction and hyperglycemia have been associated
with the increased proliferation and decreased survival of neural
progenitors underlying impaired neurogenesis in type 2 diabetic
rodent models [36, 37]. We also observed increased prolifera-
tion and decreased survival of dbMSCs and saw that the environ-
mental glucose levels did not change the functional capacity of
MSCs. These data are consistent with previous studies indicating
that impaired EPC mobilization and wound healing in diabetic
rodents could not be rescued with insulin and reduced hypergly-
cemia [28, 38]. We also noticed a deficiency in the level of SDF-1
expression indicating impairment of homing capacity in these
cells to areas of injury. Early exposure to hyperglycemia has been
shown to predispose an individual to complications and create
epigenetic modifications leading to a phenomenon called meta-
bolic memory [39, 40]. Based on these results, we believe that
MSCs share a vulnerability to the pathophysiology and retain a
metabolic memory of type 2 diabetes similar to other differenti-
ated cells, such as nerves, blood vessels, and pancreatic�-cells in
the body [40, 41].

To address this deficiency in dbMSCs, we also evaluated the
level of gene expression using RT-PCR. This is the first study to
evaluate the levels of endogenous expression of VEGF and
Wnt3a in the wild-type and diabetic animal. We evaluated these
two factors both in the endogenous MSC population after en-
richment and in the response to wounding. Proangiogenic factor
VEGF promotes healing through neovascularization and pro-
motes MSC proliferation, whereas the proliferative factor
Wnt3a, an autocrine signal expressed byMSCs, promotes differ-
entiation, migration, proliferation, and invasion in the areas of
injury [20, 42]. When VEGF was examined after selection in cul-
ture, dbMSCs showed similar levels of VEGF expression com-
pared with the wild-type cells, and there was a difference in the
level of VEGF expression only 10 days after wounding. However,
there was a considerable reduction in the levels of Wnt3a. Even
after selection, the dbMSCs did not have the same levels of ex-

pression, and there was significant impairment at days 1, 5, and
10 in the diabetic wound. The impairment in Wnt3a expression
could be one underlying cause of the diminished therapeutic
capacity of dbMSCs. The performance of dbMSCs could not be
restored to WT levels under standard culture conditions or in a
healthy animal with normal glucose regulation. In contrast,
wtMSCs experienced no decline in function in the hyperglycemic
db/db host, suggesting irreversible damage in the functional ca-
pacity of dbMSCs as a result of the diabetic background. These
data suggest that functional impairments of MSCs are acquired
and become cell autonomous in animals experiencing severe
type 2 diabetes and possibly other chronic disease pathophysi-
ologies.

CONCLUSION

We propose that MSC impairment is a complication of diabetes.
This impairment in MSC proliferation, viability, and number in
diabetic patientsmay underlie defective tissuemaintenance, de-
layed wound healing, and immune system complications.
Whether stem cell impairment limits only the regenerative ca-
pacity of endogenous stem cells in type 2 diabetes or contributes
to its complications as a result of reduced contribution to tissue
maintenance, these data indicate that the utility of autologous
stem cell replacement therapy in type 2 diabetes and possibly
other chronic diseases may be limited in the absence of some
adjunctive therapy for the stem cells themselves. These data
further suggest that MSC populations may be a suitable thera-
peutic target to improve symptoms and complications associ-
ated with chronic disease. For example, strategies promoting
proliferation in vivo could activate endogenous stem cells in di-
abetic tissue [43], potentially advancing autologous therapies
and ameliorating the devastating complications associated with
this disease.
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Table 1. Area of wound closure in an excisional splint wound model after PBS or MSC engraftment

Days

Wild-type host (mm2 � SEM)a Diabetic host (mm2 � SEM)a

WT PBS WT wtMSC WT dbMSC DB PBS DB wtMSC DB dbMSC

1–2 0.37 � 0.21 0.69 � 0.45 0.27 � 0.51 0.07 � 0.07 0.80 � 0.21 0.97 � 0.59
3–4 1.69 � 0.33 3.63 � 0.49 2.88 � 0.60 1.42 � 0.23 1.81 � 0.52 1.94 � 0.84
5–6 3.82 � 0.48 7.45 � 0.50b,c 3.82 � 0.71 2.88 � 0.36 5.51 � 0.57b,d 2.85 � 1.08
7–8 7.27 � 0.87 13.17 � 1.56b,c 7.03 � 1.44 4.99 � 0.56 10.69 � 1.2b,d 7.20 � 1.47e

9–10 14.36 � 1.12 24.01 � 1.86b,d 16.74 � 2.46e 8.71 � 0.91 17.21 � 1.5b,c 10.85 � 1.98
11–12 26.28 � 1.63 32.67 � 2.33b,d 27.90 � 2.84 14.33 � 1.57 25.40 � 1.3b,c 19.77 � 2.68e

13–14 36.99 � 1.59 41.37 � 2.21b,d 35.94 � 2.38 20.34 � 1.58 33.36 � 2.5b,c 26.61 � 1.86e

aWound beds were monitored daily, and measurements were taken daily. Data are expressed as mm2 � SEM. Total area of wound at start was
50.24 mm2 (n�10 per group).
bp � 0.001 (PBS vs. wtMSC).
cp � 0.001 (wtMSC vs. dbMSC).
dp � 0.05 (wtMSC vs. dbMSC).
ep � 0.05 (PBS vs. dbMSC).
Abbreviations: DB, diabetic; dbMSC, diabetic mesenchymal stem cell; MSC, mesenchymal stem cell; PBS, phosphate-buffered saline; WT, wild-type;
wtMSC, wild-type mesenchymal stem cell.
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